1-5 , quantum-dot-based LEDs 6-10 , perovskite-based LEDs 11-13 and micro-LEDs 14,15 have been championed to fabricate lightweight and flexible units for nextgeneration displays and active lighting. Although there are already some high-end commercial products based on OLEDs, costs must decrease whilst maintaining high operational efficiencies for the technology to realise wider impact. Here we demonstrate efficient action of radical-based OLEDs
, Shengzhi Dong 1, 3 , Alexander J. Gillett , whose emission originates from a spin doublet, rather than a singlet or triplet exciton. While the emission process is still spin-allowed in these OLEDs, the efficiency limitations imposed by triplet excitons are circumvented for doublets. Using a luminescent radical emitter, we demonstrate an OLED with maximum external quantum efficiency of 27 per cent at a wavelength of 710 nanometres-the highest reported value for deep-red and infrared LEDs. For a standard closed-shell organic semiconductor, holes and electrons occupy the highest occupied and lowest unoccupied molecular orbitals (HOMOs and LUMOs), respectively, and recombine to form singlet or triplet excitons. Radical emitters have a singly occupied molecular orbital (SOMO) in the ground state, giving an overall spin-1/2 doublet. If-as expected on energetic grounds-both electrons and holes occupy this SOMO level, recombination returns the system to the ground state, giving no light emission. However, in our very efficient OLEDs, we achieve selective hole injection into the HOMO and electron injection to the SOMO to form the fluorescent doublet excited state with near-unity internal quantum efficiency.
For the most part, stable, organic luminescent radicals have been considered as curiosities with limited applications. [17] [18] [19] [20] [21] [22] [23] Photoexcitation of doublet-ground-state (D 0 ) molecules generates doublet excited states, and spin-allowed emission-that is, fluorescence-in these molecules originates from the lowest-lying doublet excited state, D 1 (Fig. 1a) .
By incorporating 3-substituted-9-(naphthalen-2-yl)-9H-carbazole (3NCz) and 3-substituted-9-phenyl-9H-carbazole (3PCz) to the core tris(2,4,6-trichlorophenyl)methyl (TTM) radical, we obtained two new luminescent radicals, TTM-3NCz and TTM-3PCz (Fig. 1b) . The photoluminescence quantum efficiency (PLQE) in solid 4,4-bis (carbazol-9-yl)biphenyl (CBP) matrix film (3.0 wt%) is (85.6 ± 5.4)% and (60.4 ± 0.9)% for deep-red emission in TTM-3NCz (707 nm) and TTM-3PCz (695 nm), respectively, which can be translated to excellent device performance. See dashed lines in Fig. 1c for the photoluminescence spectra (photoexcitation at 375 nm).
A series of OLEDs using TTM-3NCz and TTM-3PCz as emitters were fabricated by vacuum deposition processing (pressure <6 × 10 −7 torr). The evaporation temperatures of TTM-3NCz and TTM-3PCz under vacuum are below 473 K, much lower than their respective thermal decomposition temperatures of 635 K and 640 K (Extended Data Fig. 1a ), meaning that their thermal stabilities are sufficient to withstand the thermal-evaporation process. The energy levels of the two compounds were obtained from cyclic voltammetry measurements (Extended Data Fig. 2a, c) . Furthermore, to assess the electrochemical stabilities of TTM-3NCz and TTM-3PCz, we obtained cyclic voltammetry curves over 20 scanning cycles (Extended Data Fig. 2b, d ). There are no substantial changes between the curves, which indicates good redox stability for TTM-3NCz and TTM-3PCz (in addition to good photostability; Extended Data Fig. 3 24 were used to fabricate 35-nm-thick hole-and 70-nm-thick electrontransport layers, respectively. The radicals were doped into a CBP host to form the light-emitting layer (thickness, 25-40 nm). Owing to the larger energy bandgap of CBP compared to that of the dopant molecules (see Fig. 1d inset), sequential charge trapping is expected to be the main route for the creation of doublet excitons. A thin layer (10 nm) of 4,6-Bis(3,5-di(pyridin-3-yl)phenyl)-2-methylpyrimidine (B3PYMPM) 25 was inserted between the light-emitting and PO-T2T layers to remove unwanted green emission (probably CBP:PO-T2T exciplex). The best LED performance was found for ITO/MoO 3 (3 nm)/ TAPC (35 nm)/CBP:TTM-3NCz (3.0 wt%; (40 nm) and CBP:TTM3PCz (3.0 wt%; 25 nm)/B3PYMPM (10 nm)/PO-T2T (70 nm)/LiF (0.8 nm)/Al (100 nm).
Plots of the external quantum efficiency (EQE) against the current density for the OLEDs are given in Fig. 1d (TTM-3NCz , red; TTM3PCz, black). The corresponding electroluminescence peaks appear at 710 nm (TTM-3NCz) and 703 nm (TTM-3PCz), and the devices have true deep-red emission (Fig. 1c) . The maximum EQE values of (27 ± 5)% for the TTM-3NCz OLEDs and (17 ± 3)% for the TTM-3PCz OLEDs suggest internal quantum efficiency near 100% for electroluminescence, when considered with the film PLQE values and a 30% light outcoupling coefficient 5 . To the best of our knowledge, the maximum EQE of the TTM-3NCz-based device is the highest value reported so far for deep-red/infrared LEDs [26] [27] [28] (see Supplementary Table 2) , whereas respectable EQE values >10% are obtained at 1 mA cm −2 . The near-identical electroluminescence and photoluminescence spectra ( Fig. 1c) for TTM-3NCz and TTM-3PCz show that electroluminescence and photoluminescence emission originate from the same electronic transition (D 1 → D 0 ).
The current density-voltage electroluminescence characteristics of the best TTM-3NCz-and TTM-3PCz-based devices are given in Fig. 1e , f. The data points associated with the maximum EQE values are denoted by arrows and occur in the device turn-on regions, above the experimental noise levels. The performance of five more TTM-3NCz (EQE max = 27%-16%) devices is shown in Extended Data Fig. 4 . The electroluminescence spectra are unchanged for a wide range of operating current densities, 6 µA cm Fig. 2c reflects the change in dipole moment (∆δ) upon photoexcitation, in contrast to the solvent-independent behaviour (that is, ∆δ ≈ 0) of TTM. In TTM the D 1 excited state is more locally excited in nature (that is, it has considerable HOMO/ SOMO overlap).
For good LED performance it is critical that the dopant emitters have high PLQE. PLQE values of 49% and 46% are obtained for toluene solutions of TTM-3NCz and TTM-3PCz, respectively. The energy gap law generally precludes efficient deep-red/infrared light emission, but does not appear to be strictly followed by dopants with appreciable charge-transfer character in emission 27 . In favour of the examined OLEDs, the non-radiative decay pathways were found to be further reduced in CBP films doped at 3.0 wt%, giving rise to the PLQE values of (85.6 ± 5.4)% (TTM-3NCz) and (60.4 ± 0.9)% (TTM-3PCz) reported above.
To explore the nature of the doublet excited states, we performed nanosecond transient-absorption and -photoluminescence studies on toluene solutions containing TTM-3NCz and TTM-3PCz. Excitation wavelengths of 532 nm and 600 nm were used for transient absorption and photoluminescence, respectively, chosen to excite the broad absorption band associated with the D 0 → D 1 transition. In the measurements of nanosecond transient photoluminescence, we observe an emission spectrum that closely resembles the steady-state photoluminescence for TTM-3NCz and TTM-3PCz. There is no temporal evolution in the spectra. Furthermore, from the overlaid transientabsorption and -photoluminescence profiles (Fig. 2d) , it is apparent that there are no excited-state species surviving beyond the emission lifetime. Although dark, triplet states usually occur at lower energy than emissive singlet states for closed-shell systems, we consider that there are no equivalent triplet states to hinder emission for the open-shell TTM-3NCz and TTM-3PCz molecules. Further discussion about the transient absorption measurements can be found in Supplementary Information, Section 2.
The photoluminescence kinetics is fitted with a mono-exponential function and yields lifetimes of 17.2 ns (TTM-3NCz) and 21.2 ns (TTM-3PCz). By combining these lifetimes with the PLQE values, the radiative decay rates are 2.9 × 10 7 s −1 (TTM-3NCz ) and 2.1 × 10 7 s −1
(TTM-3PCz). These values are an order of magnitude larger than those associated with delayed emission from typical TADF molecules (for example, 2,4,5,6-tetra(9H-carbazol-9-yl)isophthalonitrile, 4CzIPN). This is particularly important for LEDs because higher radiative rates mean reduced exciton-charge annihilation issues with increasing current density. Finally, the molecular properties and photophysics of the TTM-3NCz and TTM-3Cz molecules can be combined with density functional theory (DFT) calculations. Using unrestricted Kohn-Sham (UKS) DFT and time-dependent DFT (TDDFT) calculations with a B3LYP functional and a 6-31G** basis set, the nature of the electronic states is revealed. The interpretation of the computational results is shown Letter reSeArCH in the molecular orbital diagram of Fig. 3a . The scheme begins with TTM and considers interactions between benzene HOMO/LUMO moieties and the central carbon 2p z orbital. A relatively strong absorption peak at 374-378 nm found for TTM and TTM-donor-type molecules is attributed to a SOMO → LUMO transition. The SOMO has electron density on every other atom of the TTM group and can be determined Letter reSeArCH from first principles, along with the overall HOMO, using the group and Hückel theories (as outlined in Supplementary Information Section 3) . The derived SOMO has the same form as that obtained from DFT (Fig. 3b) . In TTM, TTM-3NCz and TTM-3PCz, the overall LUMO mirrors the LUMO of the -TTM benzene groups (Fig. 3a) .
HOMO → SOMO transitions give rise to the lowest energy absorption bands in both TTM-3NCz (616 nm) and TTM (541 nm) in toluene, with substantial charge-transfer and locally excited character, respectively. This arises because the TTM-3NCz and TTM-3PCz HOMOs are primarily hybrids of the most-anti-bonding combinations of TTM and carbazole-group HOMOs (Fig. 3b) . Going from TTM to TTM-3NCz, the TTM molecular orbital diagram is perturbed, as depicted in Fig. 3a . Unexpectedly good agreement is found between the absorption spectra and the UKS-TDDFT 29 calculations for the HOMO → SOMO peak positions in TTM3NCz: experimental, 616 nm; calculated, 622 nm. A more detailed discussion about the molecular orbital diagram and electronic structure calculations can be found in Supplementary Information Section 3 and 4.
The SOMO → HOMO transitions, as depicted in Fig. 3b , are associated with luminescence. However, although the route to efficient doublet emission for open-shell molecules must involve these orbitals, thermodynamics dictates that electrons and holes are both stabilized by occupancy of the SOMO level following electrical injection (see Fig. 4a ). Therefore, it is not possible to realize doublet excited states for light emission with this scheme.
As shown in the inset of Fig. 1d , the electrodes are biased for selective hole and electron injection into the 3NCz/3PCz HOMO and TTM SOMO levels, respectively (energy gap law). If injection of a hole into the HOMO occurs before that of an electron into the SOMO, positively charged singlet and triplet intermediates are expected (see − ; Fig. 4b ). In this second scenario, holes that travel via CBP HOMO levels could encounter negatively charged TTM-3NCz sites to form D 1 by tunnelling between the carbazoles of CBP and TTM-3NCz. The holes could also hop between TTM-3NCz sites when avoiding the aforementioned singlet 'relaxation' . It is noteworthy that TTMdonor-type molecules have been found to make much better OLEDs than TTM 30 , which is indirect evidence supporting the mechanism shown in Fig. 4b .
The scheme in Fig. 4b considers hole injection sequentially into the CBP host and then into the TTM-3NCz HOMO level. We can also consider models that do not include the CBP, in which charge annihilation of TTM-3NCz anions and cations generates the same D 1 excited state. This would require energy levels to be substantially lowered and raised following oxidation and reduction, respectively, so that the SOMO and HOMO of TTM-3NCz would become more favourably aligned for electron transfer to yield D 0 + D 1 , as illustrated in Fig. 4c . Although energy shifts are expected upon charging, cyclic voltammetry data (Extended Data Fig. 2 ) suggest that these shifts are too small to achieve the energy level alignment indicated in Fig. 4c . Therefore at this stage, the precise route from electrical injection to luminescence is unclear but undoubtedly efficient.
We have demonstrated highly efficient radical-based OLEDs with EQE values that exceed by far those of other LEDs with deep-red/ near-infrared emission. Our scheme is based on using open-shell, doublet dopants that emit light after donor-radical charge transfer. The SOMO in these molecules facilitates the exceptional performance of the LEDs and its spin properties offer many possibilities for application in other fields of optoelectronics.
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